The investigation of cellular mechanisms for heat trans-VR1 using molecular biological methods to eliminate duction began with the demonstration that heat-induced expression of the receptor in mice. The unexpected outdepolarizing ion currents occur in a subpopulation of comes of these studies provide important new insights dorsal root ganglion neurons (Cesare and McNaughton, into the physiological functions of vanilloid receptors.
Heat Transduction In Vivo
1996; Reichling and Levine, 1997) and that such currents An ultimate goal in the investigation of heat transducers can be produced by heat-activated ion channels (Reichis to explain heat sensation. Research over the last sevling and Levine, 1997; Nagy and Rang, 1999). eral decades has given us a wealth of information on After the original characterization of VR1 was perhow nerve fibers encode thermal information, providing formed in transfected Xenopus oocytes and HEK293 some basic clues about how heat transducers must cells, the next step in assessing whether that molecule perform if they are to account for sensory heat reception.
is a transducer for sensory heat reception was to deterThe most conspicuous benchmark in the spectrum of mine if it is responsible for heat-activated currents in perceived temperatures is the transition from the sensasensory neurons in vitro. Based on the coexpression tion of warmth to the sensation of heat pain that occurs of heat-and capsaicin-induced currents in individual in normal skin of many species at ‫54ف‬ЊC. This temperasensory neurons (Kirschstein et al., 1997) and some reture correlates approximately with the threshold for actiduction of heat-evoked currents by the vanilloid recepvation of "polymodal nociceptors" in the sensory nerve, tor antagonist, capsazepine (Kirschstein et al., 1999) , it which are C fibers (and some A␦ fibers) that respond initially appeared that VR1 could be the predominant to noxious thermal, mechanical, and chemical stimuli.
somatosensory heat transducer. However, in a subse-"Warm receptor" units encode changes in skin temperaquent study of single-channel currents in rat sensory ture as small as 0.1ЊC in the range from about 30ЊC to neurons, Nagy and Rang reported that their "most unex-48ЊC. Finally, some A␦ fibers are "heat nociceptors," pected finding was that most patches responded to relatively insensitive to mechanical stimuli and with a either heat or capsaicin, but rarely to both." (Nagy and heat threshold of about 53ЊC or higher (reviewed by Raja Rang, 1999 That there is such a "temperature gap" between the threshold of VR1 and the heat-induced behavior it mediDavis et al., 2000). Based on the heat sensitivity of vanilloid receptors in vitro, it was hypothesized that VR1
ates raises doubt about whether its homolog VRL-1, with an in vitro threshold of 52ЊC, could act as a transducer for receptors in C fibers mediate nociception at pain threshold (‫54ف‬ЊC) and above, while VRL-1 receptors in A␦ thermosensation in a physiologically relevant temperature range. Perhaps instead, with its high heat threshold fibers would provide an additional input at very high temperatures (Ͼ50ЊC) (Caterina et al., 1999) . Therefore, and widespread expression in the nervous system, VRL-1 plays a role in responses to heat-induced tissue damit was predicted that removal of VR1 would cause an impairment of heat nociceptive behavior, which would age that has not been successfully avoided by the organism. Such responses might be protective (e.g., calbe partially relieved at higher temperatures as intact VRL-1-expressing A␦ fibers began to be activated (Cacium-dependent heat-shock cascade) or destructive (e.g., calcium-dependent cell death). these laminae by showing that expression of the Fos protein is greatly reduced in VR1 null mice. Because an So, in an apparent paradox, the threshold for activation of VR1 in a variety of in vitro preparations is near earlier study (Jasmin et al., 1994) suggested that fos expression in these laminae might be related to func-43ЊC, but in vivo, VR1 contributes to behavioral responses only at temperatures of 50ЊC or above. In fact, tions other than pain transmission, further studies will be needed to unravel this interesting point. this "temperature gap" might be anticipated based on thermodynamical and electrophysiological consideraKnockout Animals-A Major Role for VR1 in Heat Hyperalgesia tions. First, in the skin, putative heat-sensitive nerve endings are located in the dermis and deeper layers Both knockout studies clearly demonstrated that VR1 is critical for the expression of inflammation-induced of epidermis. In this position, the heat transducers are below insulating layers of epidermis and adjacent to the heat hyperalgesia. Davis et al. studied the decrease in radiant heat-induced paw withdrawal latency associmass of blood-perfused subcutaneous tissue that acts as a heat sink. Consequently, the temperature of heatated with carrageenan-induced hindpaw inflammation, and Caterina et al. studied the decrease in hot-plate sensitive nerve endings hundreds of micrometers deep in the skin can easily be several degrees below the latency associated with injection of mustard oil or complete Freund's adjuvant into the hindpaw. In all three temperature of a noxious heat stimulus applied to the skin surface (Tillman et al., 1995) . In contrast, in in vitro paradigms, thermal hyperalgesia was almost completely prevented in the null animals, while mechanical hyperalexperiments, the temperatures of the applied stimulus and of the transducer molecules are essentially identigesia was unaffected. In the setting of inflammation, VR1 itself may be the cal. Second, to activate the sensory nerve, the receptor potential generated by the transducer must grow large heat-transducing molecule that is sensitized. Nevertheless, it remains a possibility that the requirement for VR1 enough to exceed the electrical threshold of the nerve membrane for action potential firing. To date, all heatexpression instead reflects a role for that receptor in inflammation-induced modulation of other molecules, activated currents reported in sensory neurons in vitro produce graded responses to suprathreshold temperaperhaps triggering second messenger pathways that modulate other heat transducers or ion channels. tures rather than an all-or-none activation. Therefore, it is likely that to evoke activity in a sensory nerve fiber, Regardless of the cellular mechanism, it is very clear, from both knockout studies, that VR1 is essential for the such transducers must not simply reach their own cussed in this review is: does the vanilloid receptor famBecause VR1 is activated by acidic pH, it has been ily as a whole have a distinct functional identity? The suggested that VR1-targeted therapies might be particoriginal identification of VR1 based on its activation by ularly useful when pain is due to acidification of internal capsaicin gave rise to the operational designation "vaniltissues rather than to thermal hyperalgesia. Indeed, senloid receptors." However, sensitivity to this and other sory neurons and nerve fibers from VR1 null mice exhibit exogenous substances may have little relevance to the reduced responses to acid in vitro (Caterina et al., 2000) . endogenous functions of these molecules. Possible enSensory neurons do, however, also possess non-vanildogenous specific agonists, in addition to protons (Caloid receptor mechanisms for responding to acid (includterina et al., 1997), are now beginning to be evaluated, ing the ASIC channels), and evidence suggests that including the cannabinoid anandamide (Zygmunt et al., these alternative mechanisms are important in visceral 1999) and the lipoxygenase product 12-(S)-hydroperoxtissues (Benson et al., 1999) . Further studies in the VR1 yeicosatetraenoic acid (12-(S)-HPETE), which is much null mice will help elucidate the role of this receptor in more effective than anandamide at activating VR1 inflammatory pain, and may guide the development of (Hwang et al., 2000) . Whether vanilloid receptors other therapies designed to exploit this very promising target. than VR1 are sensitive to these putative endogenous Quo Vadis? agonists remains to be determined. In the future, identifiHow Many Different Somatosensory Heat Transducers cation of potential endogenous ligands that act at physiAre There? Considering the two recent studies of mice ological concentrations could be a key to refining the that do not express VR1, and previous in vivo and in definition of the vanilloid receptor family in functional vitro observations, one can postulate that there are at terms. least three somatosensory heat transducers that sense Perhaps, as suggested specifically for VR1, these moldistinct bands of the temperature spectrum.
ecules constitute a family of sensory transducers that (1) Extreme heat. As discussed above, the recent eviintegrate multiple pain-producing stimuli (Tominaga et dence from knockout mice suggests that, in intact al., 1998). This novel concept is in striking contrast to animals, temperatures of about 50ЊC and above are enthe very narrowly tuned selectivity that is a defining coded by the combined action of VR1 and some noncharacteristic of transducers in other sensory systems. VR1 mechanism.
The concept, however, has intuitive appeal in the case (2 Could the primary function of vanilloid receptors be to participate in cellular responses to tissue damage-to respond to damage rather than to avoid it? This idea fits well with the most salient finding from both knockout studies, that VR1 mediates inflammatory heat hyperalgesia, itself a response to tissue damage. The prominent intracellular presence of vanilloid receptors would also seem to support the idea that their cellular effects are far more complicated than simply depolarizing the neuronal cytoplasmic membrane. As the burgeoning field of vanilloid receptor research continues to flourish and expand into areas divergent from sensory transduction, this fascinating class of receptors might come to be viewed primarily as triggers that initiate multifaceted cellular responses to tissue damage. In this guise, they might yield the greatest potential clinical insights.
